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Potato leafroll virus (PLRV) was mechanically transmissible when inocula also contained the umbravirus Pea enation
mosaic virus-2 (PEMV-2). In plants infected with PLRV and PEMV-2, PLRV accumulated in clusters of mesophyll cells in both
inoculated and systemically infected leaves. No transmissions were obtained by coinoculation with Potato virus Y, Potato
virus X (PVX), Tobacco mosaic virus, or Cucumber mosaic virus (CMV), although PLRV was transmissible from mixtures with
CMV(ORF4) (a recombinant that contained the movement protein (MP) gene of the umbravirus Groundnut rosette virus (GRV)
in place of the CMV MP gene). In contrast, neither a recombinant PVX that expressed GRV MP nor a mutant of CMV(ORF4),
in which the CMV 2b gene was untranslatable, was able to help PLRV transmission. Possibly both a cell-to-cell movement
function and counterdefense mechanisms such as those that block posttranscriptional gene silencing are involved in
movement of PLRV within plants and its mechanical transmission between plants. © 2001 Academic PressKey Words: umbraviruses; luteoviruses; cell-to-cell movement; gene silencing; phloem loading; unloading; luteovirus
transmission.INTRODUCTION
Mechanical inoculation of plants with viruses normally
results in the delivery of the virus genome, usually in
virus particles, into epidermal cells through wounds in
plant cell walls. Mechanical transmission of the virus
occurs if the virus can replicate in the primarily infected
epidermal cells and then move from them to develop
infective centers. This virus movement is initially from
cell to cell through plasmodesmata, and then systemi-
cally (long-distance movement) through the phloem. Any
block to this process will be an effective form of plant
defense. This block may be a failure of virus movement
proteins to fulfill their functions, or, more actively, a re-
action similar to the RNA-mediated defense (RMD)
thought to be similar to posttranscriptional gene silenc-
ing (PTGS) (Ratcliff et al., 1997; Voinnet et al., 1999).
Whatever the explanation, the result of the block would
be an apparent loss of mechanical transmissibility. Po-
tato leafroll virus (PLRV) (genus Polerovirus, family Lu-
teoviridae) is such a virus. Similar to all luteoviruses
(D’Arcy et al., 2000), PLRV cannot be transmitted me-
chanically and infects plants only when delivered into
phloem tissues by aphid vectors, grafting, or agroinfec-
tion (Barker and Harrison, 1985; Commandeur and Mar-
tin, 1993). Following infection, PLRV is mainly restricted
1 Present address: Horticulture Research International-East Malling,
est Malling, Kent, ME19 6BJ, UK.
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363to phloem tissues of infected plants (see for review,
Mayo and Ziegler-Graff, 1996), although PLRV can repli-
cate in inoculated mesophyll protoplasts (Barker and
Harrison, 1982). Also, in plants, PLRV is to some extent
able to exit from phloem into mesophyll cells when the
PLRV-infected plants are also infected with certain other
plant viruses (Atabekov et al., 1984; Barker, 1987, 1989).
These findings suggest that the normal restriction of
PLRV to phloem tissue is because PLRV movement func-
tions do not operate in epidermis and mesophyll cells
(see, for review, Taliansky and Barker, 1999), and/or be-
cause PLRV cannot suppress or evade putative PTGS-
like host defense responses in nonvascular tissues
(Voinnet et al., 1999). Complementation by coinfecting
viruses is thought to result from the supply of either of
these functions. The factors that normally restrict PLRV
to phloem may prevent it from spreading out of primarily
inoculated epidermal cells after attempted mechanical
transmission. The corollary is that when aphid vectors
deliver PLRV directly into phloem cells, and virus accu-
mulates and invades the vascular system, there must be
expression of movement functions or/and suppression of
host defenses particular to phloem cells.
The genomes of umbraviruses do not encode a coat
protein (CP) and thus no virus particles are formed in
umbravirus-infected tissues (Robinson and Murant,
1999). Nevertheless, umbraviruses can accumulate and
spread very efficiently within infected plants as they
code for proteins (movement protein (MP, ORF4 protein)
involved in cell-to-cell movement and long-distance
movement (ORF3 protein) (Ryabov et al., 1998, 1999a,b).
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364 RYABOV ET AL.For transmission by aphids, umbraviruses depend on the
assistance of luteoviruses, although in most instances,
the luteovirus partner does not seem to be dependent on
the umbravirus infection. A complex consisting of Pea
enation mosaic virus-1 (PEMV-1; genus Enamovirus, fam-
ily Luteoviridae) and Pea enation mosaic virus-2
(PEMV-2; genus Umbravirus) is a notable exception. Un-
like other members of the family Luteoviridae, PEMV-1 on
ts own lacks the ability to move, even in the vascular
ystem of infected plants. Both long-distance and cell-
o-cell movement functions depend on proteins encoded
y PEMV-2 (Demler et al., 1993, 1994). PEMV-2 can
pread in mesophyll and vascular tissues, and thus in
he mixed infection PEMV-1 acquires an ability to spread
rom cell to cell together with PEMV-2. As a result the
omplex becomes transmissible by mechanical inocula-
ion.
Recently we reported that PLRV can be transmitted
echanically to plants when they are inoculated with
LRV particles mixed with extracts of plants infected with
EMV-2 or another umbravirus, Groundnut rosette virus
GRV) (Mayo et al., 2000). In the current paper, we show
hat PEMV-2, when coinoculated with PLRV, was able not
nly to complement mechanical transmission but also to
acilitate full systemic infection by PLRV, which included
ell-to-cell movement in mesophyll tissues and loading
nto and unloading from the phloem. The ability to com-
lement mechanical transmission of PLRV seemed to be
pecific to umbraviruses because viruses belonging to
ther genera, including Cucumber mosaic virus (CMV)
and Potato virus X (PVX), were unable to complement
mechanical transmission of PLRV. However, when re-
combinant strains of CMV or PVX that had been con-
structed so as to express GRV-encoded ORF4 cell-to-cell
MP were tested, the CMV construct, but not the PVX
construct, complemented PLRV transmission. The CMV
construct lost the ability to complement PLRV movement
when the CMV ORF 2b was rendered untranslatable. The
results suggest that the movement of PLRV is linked to
the suppression or evasion of some form of RNA-medi-
ated PTGS-like resistance mechanism.
RESULTS
Mechanical transmission of PLRV
Extracts of Nicotiana clevelandii plants that had been
inoculated with PLRV by viruliferous aphids, and of Nico-
tiana benthamiana plants infected with PEMV-2, were
mechanically inoculated singly or in mixtures to healthy
N. clevelandii or N. benthamiana. Plants singly inocu-
lated with either virus showed no symptoms for up to 3
weeks after inoculation but doubly infected plants devel-
oped symptoms within 2 weeks of inoculation that some-
times were severe (Fig. 1). Approximately 8 days after
inoculation, expanding leaves of N. clevelandii began to
show some deformation, rugosity, and stripes, and theplants became stunted (Fig. 1). By about 10 days after
inoculation, N. benthamiana plants showed some chlo-
rotic spots that became necrotic and leaves developed
vein yellowing and line patterns, as described previously
(Mayo et al., 2000). Northern blot analysis (Fig. 2) showed
FIG. 1. Nicotiana clevelandii plants 14 days after inoculation with
PEMV-2 (A), with PLRV by aphid inoculation (B), or with PLRV1PEMV-2
by mechanical inoculation (C).that systemically infected leaves of these plants con-
tained genomic and subgenomic PLRV RNAs in propor-
R365UMBRAVIRUS-DEPENDENT MECHANICAL TRANSMISSION OF PLRVtions similar to those in systemically infected leaves of
plants inoculated by exposure to PLRV-carrying aphids
(Fig. 2, lanes 3 and 4). The amounts of PLRV RNAs in the
systemically infected leaves of doubly infected N. cleve-
landii differed among samples but were never more than
those in plants infected with PLRV by aphids (Fig. 2,
lanes 4 and 3, respectively). These results reflect those
obtained earlier by using ELISA to estimate PLRV con-
tent (Mayo et al., 2000). There was little difference in
PLRV content between plants infected by either route. In
both N. clevelandii and N. benthamiana, the amount of
PEMV-2 RNA in mixedly inoculated plants was less (Fig.
2, lanes 11 and 14) than in plants infected by PEMV-2
alone (Fig. 2, lanes 9 and 12).
RNA content of PLRV particles
Particles were purified from N. clevelandii plants mix-
edly infected with both PEMV-2 and PLRV. Electron mi-
croscopy showed that the plants contained PLRV-like
particles that could be trapped on grids coated with
antibodies to PLRV (data not shown). RNA was extracted
from these particles and analysed by Northern blot hy-
bridization. The result (Fig. 3, lanes 2 and 4) showed that
FIG. 2. Northern blot analysis of total RNA isolated from systemically
infected leaves of N. clevelandii or Nicotiana benthamiana (as indi-
cated) mechanically inoculated with PLRV (lanes 1, 6, 8, 13), PEMV-2
(lanes 2, 5, 9, 12), or PLRV1PEMV-2 (lanes 4, 7, 11, 14). Lanes 3 and 10,
RNA samples isolated from N. clevelandii plants inoculated with PLRV
by aphids. Samples were taken 10 days postinoculation. The positions
of genomic and subgenomic RNAs of PLRV or PEMV-2 are marked.
Probes were 32P-labeled cDNA corresponding to PLRV or PEMV-2
NAs as shown.the particles contained PLRV RNA but no PEMV-2. This
agrees with our previous result that showed that aphids lthat had fed on plants mixedly infected with PLRV and
PEMV-2 transmitted PLRV to test plants but did not trans-
mit PEMV-2 (Mayo et al., 2000). It is possible that some
of the particles with PLRV coat protein shells that form in
cells infected with PEMV-2 and PLRV did contain PEMV-2
RNA, but were unstable. Virus-like particles (VLP) formed
in insect cells that express PLRV CP from a recombinant
baculovirus did contain cellular RNA (Lamb et al., 1996;
Gildow et al., 2000) but were less stable than PLRV
particles when stored at 4°C or 270°C (B. Reavy, M.
Mayo, unpublished observations).
Distribution of PLRV in N. clevelandii plants
coinoculated with PLRV and PEMV-2
The number and distribution of cells containing PLRV
and PEMV-2 in mixedly infected plants were assessed by
tissue printing. PLRV CP was detected by immunoprint-
ing (Fig. 4). Stained spots of indoxyl precipitate were
easily identified on developed immunoprints that were
prepared from leaf tissue from which the epidermis had
been removed prior to printing. Prints made from leaf
tissue from which the epidermis had not been removed
were not stained. Individual spots of stain were assumed
to result from reaction with virus particles accumulating
in individual mesophyll cells that had been deposited on
the nitrocellulose membrane. Prints made from leaves
mechanically inoculated with PLRV did not contain any
stained cells (Fig. 4A). Prints made similarly from plants
inoculated with PLRV by aphids did not have stained
clumps, but a few stained cells were seen in what ap-
peared to be tracks of cell contents left by phloem bun-
dles (Fig. 4B). In leaves inoculated with PLRV1PEMV-2,
cells infected with PLRV were in relatively small clumps
FIG. 3. Northern blot analysis of viral RNA isolated from virus parti-
cles purified from N. clevelandii plants mechanically inoculated with
PLRV1PEMV-2 (lanes 2, 4). Lanes 1 and 3, samples of total RNA
isolated from the same plants. The position of genomic and sub-
32genomic RNAs of PLRV or PEMV-2 are marked. Probes were P-
abeled cDNA corresponding to PLRV or PEMV-2 RNAs as shown.
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366 RYABOV ET AL.of up to 0.5 mm diameter (see Fig. 4C). Nevertheless,
despite the relatively small number and size of the
clumps, PLRV in the presence of PEMV-2 was able to
spread systemically (Fig. 4D). In systemic leaves many
large patches of PLRV infected mesophyll cells can be
seen in a low magnification photograph of a tissue print
(Fig. 4E). Thus, in immunoprints made from leaves of N.
clevelandii inoculated with both viruses, the PLRV-spe-
cific staining in mesophyll cells provides evidence that
FIG. 4. Immunoprints of mesophyll tissue of N. clevelandii leaves st
n (A) represents 0.5 mm; the magnification bar in E represents 2 mm.
enthamiana; (B) a leaf from a plant inoculated with PLRV by aphids;
systemic) leaf of a plant 8 days after inoculation with PEMV-21PLRV;PLRV is able to move from initially inoculated epidermal
cells to neigbouring mesophyll cells and then long dis-tances into uninoculated sink leaves, presumably via the
vascular tissues.
Tissue prints were probed for PLRV or PEMV-2 RNAs
by print hybridization (Fig. 5). Print hybridization of leaves
inoculated with PEMV-2 RNA with or without coinfecting
PLRV gave a similar print pattern for the distribution of
PEMV-2 RNA (data not shown), which showed that
PEMV-2 had moved from cell-to-cell in the inoculated
source leaves only to a limited extent. However, despite
ith anti-PLRV coat protein antibody. For A to D, the magnification bar
af after mechanical inoculation with an extract from PLRV-infected N.
af mechanically inoculated with PEMV-21PLRV; (D) a noninoculated
icture composed from four adjacent low magnification views from (D).ained w
(A) A lelimited spread in the inoculated cells, PEMV-2 was able
to spread systemically and, as shown by the results of
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367UMBRAVIRUS-DEPENDENT MECHANICAL TRANSMISSION OF PLRVimmunoprinting, complemented systemic spread of
PLRV (Fig. 5E). Print hybridization of leaves of N. cleve-
landii systemically infected with PLRV and PEMV-2
showed greater amounts of signal than did prints of
leaves of N. clevelandii systemically infected with PLRV
following inoculation using viruliferous aphids (Fig. 5E vs
5B). This result contrasts with that from Northern blot
hybridization, which showed that singly infected plants
contained more PLRV RNA than doubly infected plants
(Fig. 2). However, tissue prints probably sample dispro-
portionately more of the contents of mesophyll cells and
peripheral veins than of the contents of cells in mature
vascular tissue, which is where most PLRV accumulates
in singly infected plants. This observation may also indi-
rectly indicate that in plants mixedly infected with PLRV
and PEMV-2, PLRV can be unloaded from the phloem
and spread into mesophyll tissues in the uninoculated
leaves. The patterns of RNA distribution in such leaves
were similar for both PLRV and PEMV-2 RNAs (Fig. 5). In
uninoculated leaves of the doubly infected plants probed
for both PLRV and PEMV-2 RNA, labeled spots appeared
along veins on the lamina, which suggests that virus was
being unloaded at particular places. Similar patterns
FIG. 5. Print hybridization of systemic uninoculated leaves of N.
levelandii. (A) A leaf from a mock-inoculated plant; (B) a leaf from a
lant inoculated with PLRV by aphids; (C) leaves from a plant inocu-
ated mechanically with PEMV-2; (D) leaves from a plant inoculated
echanically with PLRV; (E) leaves from a plant inoculated mechani-
ally with PLRV1PEMV-2. Samples were taken 10 days postinocula-
ion. Probes were 32P-labeled cDNA corresponding to PLRV or PEMV-2
NAs as shown.were obtained in immunoprints when these were probed
with antibodies against PLRV CP (Fig. 4E). In later exper-iments, neighboring areas of mesophyll tissues were
labeled, showing that after unloading from the phloem,
both PEMV-2 and PLRV were able to spread from cell to
cell in the uninoculated leaves. This pattern of virus
unloading in the uninoculated leaves is normal for long-
distance virus movement associated with vascular tis-
sues and suggests that PEMV-2 can complement both
loading of PLRV into (in the inoculated leaves) and un-
loading of PLRV from (in the uninoculated leaves) the
phloem.
Complementation of mechanical transmission of
PLRV is characteristic of umbraviruses
To test if viruses other than PEMV-2 and GRV could
assist PLRV to become mechanically transmissible, we
inoculated test plants with mixtures of PLRV and extracts
of plants infected with Potato virus Y (PVY), Tobacco
osaic virus (TMV), PVX, or CMV. Postinoculation of
LRV-infected plants with PVY resulted in an increase in
LRV titer, which was thought to be because of some
ovement of PLRV into mesophyll tissue (Barker, 1987).
owever, neither PVY nor any of the other three viruses
ested was able to complement mechanical transmission
f PLRV (e.g., data for CMV and PVX in Table 1). In one
est, the umbravirus Tobacco mottle virus did not com-
plement PLRV transmission (Mayo et al., 2000), which
TABLE 1
Effect of CMV, PVX, and Their Derivatives on the Mechanical
Transmission of PLRV
Helper virus
Accumulation of PLRVa
Expt 1 Expt 2
ib unb unb
CMV 0.05 0.06 0.05
CMV(ORF4) 0.87 (4/4)c 1.56 (4/4) 1.34 (3/4)
MVD2b(ORF4) 0.06d 0.04d 0.06
PVX 0.05 0.05 0.04
PVX.4 0.05 0.06 0.05
PVX.4.GFP.DCP 0.06 0.05 0.06
Nonee (aphids) nt f 1.45 1.48
a A405 nm values in ELISA, net of buffer background, after 2 h incuba-
tion with substrate; details as in Mayo et al. (2000). Samples were
collected from infected Nicotiana benthamiana plants 3 weeks postin-
culation. Values are means of samples from four test plants.
b “i” signifies inoculated leaf tissue; “un” signifies uninoculated leaf
tissue above the inoculated leaves.
c Plants infected/plants inoculated.
d For inoculation, extract was prepared from plants aphid-inoculated
with PLRV and then postinoculated with CMVD2b(ORF4). In all other
experiments inocula were mixtures of extracts from plants inoculated
with individual viruses.
e Aphid inoculation by allowing viruliferous aphids 24-h inoculation
access to young plants.
f “nt” signifies not tested.
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368 RYABOV ET AL.suggests that not all umbraviruses can have this effect.
The ability to facilitate the mechanical transmission of
PLRV is a characteristic feature of at least certain um-
braviruses.
Complementation with GRV cell-to-cell movement
protein
Genomes of umbraviruses contain four open reading
frames (ORFs). The two ORFs at the 59 end of the RNA
re expressed as a single protein thought to be an
NA-dependent RNA polymerase (Demler et al., 1993,
aliansky et al., 1996; Gibbs et al., 1996). The two other
RFs that overlap each other in different reading frames
re ORF 4, which encodes a cell-to-cell MP (Ryabov et
l., 1998, 1999a), and ORF3, which encodes a protein that
acilitates long-distance (systemic) virus movement (Ry-
bov et al., 1999b). The ORF4 protein is the best candi-
ate for a gene to assist in movement of PLRV from cell
o cell. Because GRV had similar effects to those of
FIG. 6. Analysis of total RNA isolated from infected leaves of N.
benthamiana mechanically inoculated with PLRV and either CMV, CM-
V(ORF4), or CMVD2b(ORF4) (as indicated). (A, B) Northern blot analysis
of the samples using probes for CMV and PLRV RNA, respectively (as
shown). Samples were taken 10 days postinoculation. The positions of
genomic and subgenomic RNAs of CMV or PLRV are marked. (C)
Dot-blot analysis of the samples isolated from systemically infected
leaves. Samples were taken 10 days postinoculation. Probes wereb
G
P-labeled cDNA corresponding to PLRV. Serial 10-fold dilutions of the
amples are from right to left.EMV-2 on PLRV transmission (Mayo et al., 2000), the
ossible involvement of ORF 4 protein was tested by
sing recombinant viruses that had been constructed so
s to express GRV ORF4. The CMV recombinant [CM-
(ORF4)] (Ryabov et al., 1999a) had been modified to
eplace the gene that encodes the CMV 3a MP with GRV
RF4 and the PVX recombinant had been modified so as
o express GRV ORF4 as well as the PVX ORFs (PVX.4)
Ryabov et al., 1998). CMV(ORF4) was able to accumulate
nd spread systemically in N. benthamiana plants rela-
ively efficiently (Ryabov et al., 1999a) and the accumu-
ation of PVX.4 in infected plants resembled that in plants
nfected with wild-type PVX (Ryabov et al., 1998). When
e coinoculated plants with PLRV and CMV(ORF4), and
n contrast to results with inocula containing wild-type
MV, PLRV was mechanically transmitted and spread
ystemically (Table 1; Fig. 6B, lanes 3, 4; Fig. 6C). The
mounts of PLRV that accumulated in the systemically
nfected leaves were similar in plants mixedly infected
ith PLRV and CMV(ORF4) or PLRV and PEMV-2
Fig. 6C). Print hybridization assays of plants infected
ith PLRV mixed with CMV(ORF4) confirmed transmis-
ion and systemic spread of both viruses (Fig. 7C). The
atterns of RNA distribution in such leaves were similar
or both PLRV and CMV(ORF4) (Figs. 7A and 7C) and
esembled that in prints of plants inoculated with
LRV1PEMV2 (see Fig. 4).
Thus it seems that the GRV ORF4 MP was a key
omponent in the mechanical transmission of PLRV. This
uggests that PLRV mechanical transmissibility requires
cell-to-cell movement function that operates in meso-
hyll tissues and that this function can be provided by
mbraviral MP. The MP of CMV and MPs of other viruses
ere ineffective (see above) and, despite the production
f the GRV ORF4 protein in plants infected with PVX.4
Ryabov et al., 1998), extracts of these plants also did not
omplement PLRV transmission (Table 1).
Mechanical transmission of PLRV was also tested
rom mixtures that contained another PVX hybrid that had
FIG. 7. Print hybridization of systemic uninoculated leaves of N.
benthamiana mixedly infected with PLRV and either CMV(ORF4) (A, C)
or CMVD2b(ORF4) (B, D). Samples were taken 10 days postinoculation.
Probes corresponded to CMV RNA (A, B) or PLRV RNA (C, D) were used
as shown.32 een constructed to replace its coat protein gene with
RV ORF4 (PVX.4.GFP.DCP) (Ryabov et al., 1998). This
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369UMBRAVIRUS-DEPENDENT MECHANICAL TRANSMISSION OF PLRVconstruct also contained a gene that encoded the green
fluorescent protein as a reporter for monitoring move-
ment. The CP is normally essential for PVX cell-to-cell
movement, and CP-deficient mutants of PVX are unable
to move from primarily inoculated cells (Chapman et al.,
1992). However, the GRV ORF4 protein has been shown
to be able to substitute functionally for the CP in the
cell-to-cell movement of PVX RNA, but not for long-dis-
tance movement (Ryabov et al., 1998). Although this hy-
rid was unable to spread long distances, it might be
xpected that the ORF4 protein expressed from it could
omplement mechanical transmission and cell-to-cell
ovement of PLRV in the inoculated cells. However,
VX.4.GFP.DCP, similar to PVX.4, did not complement
LRV movement (Table 1). These results show that that
he expression of the ORF4 protein is not sufficient for
he mechanical transmission of PLRV. Another factor is
robably needed and CMV(ORF4) can provide PLRV with
his factor, but PVX hybrids cannot.
CMV 2b protein is known to be a pathogenicity deter-
inant for CMV and to be involved in suppressing trans-
ene silencing (Ding et al., 1995; Brigneti et al., 1998). To
test the possible contribution of CMV 2b to the comple-
mentation of PLRV movement, CMV(ORF4) was modified
to form CMVD2b(ORF4), in which ORF2b was rendered
untranslatable. Both CMV(ORF4) and CMVD2b(ORF4)
replicated and spread systemically in N. benthamiana
plants (Fig. 6A, lanes 2, 3, 4, and 5). Patterns of distribu-
tion of these viruses in the systemically infected leaves
were also comparable (Figs. 7A and 7B). The results in
Fig. 6B (lanes 5 and 6) and in Table 1 show that PLRV
did not accumulate in plants inoculated with
PLRV1CMVD2b(ORF4) either in inoculated or in nonin-
oculated leaves. However, PLRV was transmissible
when inocula contained extracts from plants infected
with CMV(ORF4) but not extracts of plants infected with
CMVD2b(ORF4) (Fig. 7B, Table 1, Expt. 2). Neither could
PLRV be transmitted mechanically from extracts of plants
that had been aphid-inoculated with PLRV and then
postinoculated with CMVD2b(ORF4) (Table 1, Expt. 1).
DISCUSSION
The results presented here, and those reported earlier
Mayo et al., 2000), show that PLRV can spread from me-
ophyll cell to mesophyll cell when plants are coinfected
ith PLRV and PEMV-2. In such mixedly infected plants,
LRV is able to move from mesophyll cells into the phloem
loading) in the inoculated source leaves and exit from the
hloem in uninoculated sink leaves (unloading) to establish
systemic infection. As a result, it is possible to transmit
LRV mechanically. Of the viruses tested for this effect, only
he umbraviruses PEMV-2 and GRV were able to comple-
ent PLRV spread within the inoculated plant and its me-
hanical transmission from plant to plant. Extracts of plants
nfected with PVY, PVX, TMV, or CMV did not have thisffect. In contrast, a recombinant CMV that expressed the
RF4 protein of GRV was able to complement PLRV spread
nd transmission. This ORF4 protein is a typical cell-to-cell
P that has amino acid sequences similar to those of other
irus MPs (Taliansky et al., 1996) and, in function, it is able
o substitute for the MPs of other plant viruses (Ryabov et
l., 1998, 1999a). Accumulation rates and patterns of distri-
ution of PLRV were similar in plants infected with
LRV1PEMV-2 and with PLRV1CMV(ORF4) and we con-
lude that the umbraviral ORF4 MP, even when expressed
rom heterologous virus, can complement cell-to-cell move-
ent of PLRV. However, MPs of other viruses, including
MV, did not complement PLRV movement. Probably, MPs
ncoded by umbraviruses are particularly compatible with
uteoviruses, which is consistent with the obligatory and
xclusive association in nature of umbraviruses with assis-
or luteoviruses (Murant et al., 2000).
However, when GRV ORF4 protein was expressed in
lants infected by a recombinant virus based on PVX,
lthough abundant ORF4 protein was produced (Ryabov
t al., 1998), it did not complement movement of PLRV.
he results of experiments with PVX.4 or PVX.4.GFP.DCP
nd CMVD2b(ORF4) suggest that, although ORF4 MP of
RV is needed for the movement and mechanical trans-
ission of PLRV, it alone is not sufficient. Something else
s possibly needed from the complementing virus.
MV(ORF4) complemented PLRV spread and transmis-
ion only if the CMV 2b gene was intact. We cannot
xclude the possibility that this effect was because
MVD2b(ORF4) was debilitated in some way compared
o CMV(ORF4). However, this seems unlikely, because
he multiplication and spread of the 2b deletion mutant in
. benthamiana seemed not to be much different from
hose of CMV(ORF4) (Fig. 6A, lanes 2, 3, 4, 5; Figs. 7A and
B). Nevertheless we cannot exclude some minor differ-
nces (for example in timing of infections) between CM-
(ORF4) and CMVD2b(ORF4). It was also possible that in
lants infected with CMVD2b(ORF4), the ORF4 protein
ccumulated to lower levels, and that the 2b protein
nhanced its accumulation. However, it is unlikely that
he amount of ORF4 protein could explain this result
ecause PLRV was not transmissible from mixtures with
xtracts of plants infected with PVX.4 or PVX.4.GFP.DCP
hat produced abundant ORF 4 protein. Although the
MV 2b protein is known to be a pathogenicity determi-
ant (Ding et al., 1995), it is unlikely that pathogenicity
itself accounts for the complementation because intact
CMV induced more severe symptoms in plants than did
CMV(ORF4) but it did not complement PLRV movement.
Instead, we favor an alternative explanation in which the
2b protein has an effect on PLRV movement because it
suppresses PTGS (Brigneti et al., 1998).
PTGS is a natural regulatory mechanism in which
particular RNAs are targeted and destroyed in a se-
quence-specific manner related to antiviral RMD (Ratcliff
et al., 1997; Voinnet et al., 1999). The suppression or
370 RYABOV ET AL.avoidance of PTGS-based RMD has been proposed as a
way in which plant viruses manage to infect plants and
multiply in them. And on the basis of this model, it was
suggested that PLRV induces RMD but is unable to
suppress it outside the phloem (Voinnet et al., 1999). This
idea is supported by recent observations that in trans-
genic plants expressing full-length PLRV cDNA in only a
very limited number of the mesophyll cells (Franco-Lara
et al., 1999), expression of a potyvirus HC-Pro, which is
known to suppress PTGS, resulted in a marked increase
in the number of cells that accumulate PLRV (H. Barker,
K. McGeachy, E. Ryabov., M. Mayo, and M. Taliansky,
unpublished results). Thus we suggest that the effect of
CMV(ORF4) in complementing PLRV movement is re-
lated to the suppression of gene silencing by the 2b
protein. The difference between the results obtained with
CMV(ORF4) and PVX.4 or PVX.4.GFP.DCP may be related
to differences between the mechanisms of action of their
silencing suppressors, 2b and 25K proteins, respectively
(Voinnet et al., 2000). PLRV RNA accumulation may be
mainly limited by local (rather than systemic) silencing,
which cannot be overcome by the 25 K protein delivered
by PVX.4. or PVX.4.GFP.DCP (Voinnet et al., 2000). In
contrast, CMV 2b protein may suppress initiation of this
type of silencing (Brigneti et al., 1998).
All our attempts to demonstrate silencing suppression
activity for umbraviruses (PEMV-2 and GRV) using exper-
imental systems published earlier (Brigneti et al., 1998;
Voinnet et al., 1999, 2000) were unsuccessful (unpub-
lished results; O. Voinnet, personal communication). Pos-
sibly another strategy is involved in the avoidance of
PTGS-like resistance by umbraviruses. Such hypotheti-
cal activity may be involved in complementation of
spread of PLRV in mesophyll tissues.
Thus the results suggest that both the movement func-
tion and the overcoming of silencing are required for
PLRV to become mechanically transmissible. The
complementation effects that umbravirus infection or
umbravirus gene expression have on diminishing the
restriction of PLRV may shed some light on the mecha-
nism of this restriction. Confinement of PLRV, and pre-
sumably luteoviruses in general, to phloem tissues could
be explained by (i) the failure of cell-to-cell movement
function and (ii) lack of the mechanisms to overcome
PTGS-like RMD outside the phloem.
The unexpected synergy between PLRV and certain
umbraviruses thus has a number of implications. Not
only does it provoke speculation concerning the evolu-
tion of these viruses, it also provides experimental chal-
lenges. The challenge for the plant molecular biologist is
to find the host system (RMD) involved; that for the
virologist is to explain the selective advantage that has
led to luteoviruses being confined, perhaps in part by
RMD, to phloem tissue.MATERIALS AND METHODS
Plasmids, generation of a full-length cDNA copy of
PEMV-2 RNA and chimeric viruses
All constructs described in this work were generated
by using standard nucleic acid manipulation techniques
(Sambrook et al., 1989). For pPEMV-2, a cDNA fragment
comprising the full-length cDNA of PEMV-2 was gener-
ated by reverse transcription-PCR reaction. The RNA
extracted from the purified particles of pea enation mo-
saic virus complex (aphid-transmitted isolate “LANS”)
was used as a template. The sequences in the primers
specific to PEMV-2 were either the 59-terminal 19 nucle-
otides following the T7 RNA polymerase promoter se-
quence or the complement of the 39-terminal 22 nucleo-
tides of PEMV-2 sequence described by Demler et al.
(1993). The resulting fragment treated with T4 DNA poly-
merase was inserted into the SmaI site of pUC18 to give
pPEMV-2.
Plasmids pFny109, pFny209, and pFny309 containing
full-length cDNA copies of CMV (Fny strain) genomic
RNAs 1, 2, and 3, respectively (Rizzo and Palukaitis, 1990)
were used to generate CMV inocula. The pFny309-based
plasmid pF.ORF4 containing the GRV ORF4 in the place
of the 3a gene was described by Ryabov et al. (1999a)
and was used here together with pFny109 and pFny209
to produce CMV(ORF4). For Fny209.D2b, nucleotide
changes were introduced into the plasmid pFny209 to
generate two translational termination codons in the
beginning of 2b gene by overlap-extension PCR (Higuchi
et al., 1988) using the pair of complementary mutagenic
primers one of which was 59-CTGGCTCGTATGTAGGAG-
GCGAAGAATCAGAGACGAAG. This plasmid, together
with pFny109 and pFny309, served to produce
CMVD2b(ORF4). In this work we also used deletion mu-
tant of CMV containing no 2b gene in which a deletion
was introduced into the plasmid pFny209 (nucleotides
2419–2713 of the Fny-CMV RNA2 sequence) by overlap-
extension PCR (Higuchi et al., 1988) using the pair of
complementary mutagenic primers, one of which was
59-CAAACAGCGAAAGAATTGGTTCGCCGGTAACG-39. Re-
sults were the same for both CMVD2b(ORF4) constructs.
Therefore in this work we present the results obtained
using the first construct. Plasmid pTXS.P3C2 containing
the full-length cDNA clone of PVX was described by
Baulcombe et al. (1995). PVX derivatives pTXS.4 and
pTXS4.GFP.DCP containing the GRV ORF4 in addition to
(for PVX.4) or in place of the CP gene (for
PVX.4.GFP.DCP), respectively, were as described by Ry-
abov et al. (1998).
In vitro transcription and inoculation of plants
Plasmid pPEMV-2 was linearized by digestion with the
restriction enzyme EcoRI. Plasmids cDNA clones
pFny109, pFny209 and pFny309, and pFny209. D2b were
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linearized by digestion with SphI. Plasmids pTXS.P3C2
and pTXS.4. were linearized by digestion with SpeI. In
vitro RNA transcripts were synthesized by using the
mMESSAGE mMACHINE T7 kit (Ambion Inc., Austin, TX).
Viruses
The PLRV inocula used in most of the experiments
were extracts of plants (Physalis floridana or N. clevelan-
dii) infected with strain 1 of PLRV (Mayo et al., 1989)
ollowing inoculation access feeds by Myzus persicae
eared on PLRV-infected plants. Aphid-transmissible or-
inary strain of PVY (PVY0) was obtained from Scottish
Agricultural Science Agency. TMV used in this work was
originated from pTMV(30B) plasmid, kindly provided by
W. O. Dawson (Citrus Research and Education Center,
Lake Alfred, FL).
Inocula of PEMV-2, CMV, CMV(ORF4), CMVD2b(ORF4),
PVX.4, PVX.4.GFP.DCP, or PVX were obtained initially as
RNA transcripts from the full-length cDNA clones (see
above).
For experimental work, inocula were water extracts
either of N. clevelandii or P. floridana infected by allowing
access of viruliferous aphids (PLRV) and N. benthamiana
infected following mechanical inoculation by other vi-
ruses.
Isolation and analysis of virus particles, PLRV CP, and
viral RNA
PLRV was purified as described by Mayo et al. (1989).
otal RNA was isolated from 0.2 g of leaf tissue by the
ethod of Blok et al. (1994). For dot-blot analysis, one-
enth of the RNA preparation was spotted onto Hybond N
ylon membrane and immobilized by UV cross-linking.
or Northern blot hybridization analysis, one-tenth of the
NA preparation was denatured with formaldehyde and
ormamide. Electrophoresis was in 1.5% agarose gel, as
utlined by Sambrook et al. (1989). RNA was transferred
o Hybond N membrane by the capillary method using 3
sodium chloride and 0.3 M sodium citrate, pH 7.0, and
mmobilized by UV cross-linking. Hybridization was done
s described by Sambrook et al. (1989) with 32P-labeled
DNA probes corresponding to PEMV-2 ORF3 (nucleo-
ides 2763–3473 of PEMV-2 RNA) or PLRV ORF5 (nucle-
tides 3718–4188 of PLRV RNA). For analysis of CMV
NAs 32P-labeled cRNA probes complementary to 39-
terminal noncoding region of each CMV RNA (Ryabov et
al., 1999a) were used. Viral RNA isolated from the puri-
fied virus preparations was also analyzed in the same
way. PLRV accumulation was detected in leaf tissues by
ELISA, essentially as described by Barker and Solomon
(1990).Immunoprinting and print hybridization
For print hybridization assay, half leaves were press
blotted to Hybond N membranes that had been pre-
soaked with the 50 mM NaOH, 2.5 mM EDTA and dried.
The press blotting procedure was essentially that de-
scribed by Mansky et al. (1990) except for using two flat
luminium boards to apply pressure at about 100 g/cm2
for 3 min. Hybridization with probes to PLRV, PEMV-2, or
CMV was done as described above for Northern blots.
Immunoprints of leaf lamina, from which the lower epi-
dermis had been removed by peeling with forceps, were
made as described by Franco-Lara et al. (1999). In de-
veloped prints, the presence of PLRV was apparent as
discrete spots (stained cells) of purple indoxyl precipitate
which were counted and photographed at low magnifi-
cation.
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